Introduction
Intimate contact between a volatile liquid dispersed in another immiscible nonvolatile liquid can be an effective means for transferring heat. Such contact can also suppress nucleate boiling due to a lack of preferred nucleation sites. The volatile liquid may then be heated to temperatures substantially higher than its saturation temperature. There is a practical limit to the temperature a liquid can reach before vaporization must occur. At this temperature an intrinsic phase transition is initiated by the random molecular processes of homogeneous nucleation. If growth of the initial vapor bubbles is sufficiently rapid, explosive boiling can result. The potential for these "vapor explosions" has been recognized in connection with liquid natural gas spills on water, during fuel/coolant interactions in a liquid metal fast breeder reactor [1, 2] and during droplet combustion of high boiling-point fuels which contain a volatile additive [3] .
However, evidence indicates that a phase transition is not necessarily explosive when the limit of superheat is reached [4] [5] [6] [7] [8] . Homogeneous nucleation theory gives no information concerning the intensity of vaporization. This intensity is dependent on the difference in pressure between the gas within the initial vapor bubble and the surrounding liquid. Such a pressure difference exists during the early stages of growth. Indeed, Henry and Fauske [9] and Buchanan and Dullforce [10] theorized that vapor explosions are possible only when bubble growth is inertially controlled. If this excess pressure is reduced sufficiently, vapor explosions could be eliminated. One of the aims of the present work was to demonstrate this experimentally.
The configuration chosen for study was that of droplets of a volatile pure liquid heated in an immiscible nonvolatile liquid. This configuration is relevant to many situations in which vapor explosions are initiated.
To the author's knowledge no work has been reported on bubble growth within liquid droplets heated to their homogeneous nucleation temperatures at pressures above Part of this paper was presented at the 20th ASME/AIChE National Heat Transfer Conference, Milwaukee, Wisconsin, August 2-5, 1981. Paper No. 81-HT-11.
Contributed by the Heat Transfer Division for publication in the JOURNAL OF HEAT TRANSFER. Manuscript received by the Heat Transfer Division September 7,1981. atmospheric. We report here the results of such a study. The present work is distinguished from previous studies [e.g. , 11] in that our efforts were concerned with bubbles growing within liquids of finite volumes (i.e., droplets) and not within an infinite sea of superheated liquid, and that the liquids in which the bubbles grew were at reduced temperatures greater than .9.
Our initial efforts were concerned with a study of bubble growth within pure liquid n-octane droplets. High-speed cine photography was used both to record the qualitative aspects of boiling intensity of the test droplets, and to obtain some basic bubble growth data which have not previously been reported. The objectives were to (/) study the effect of ambient pressure on the growth rate of bubbles within liquid droplets heated to their limits of superheat, and (//' ) develop a simple physical model for boiling of the superheated droplets.
2 Experiment 2.1 Description of the Apparatus. The experiment was a modification of that used by Skripov and Ermakov [4, 5] and Avedisian and Glassman [6] at high pressures. Droplets of a light volatile test liquid were injected into the bottom of a vertical column (Fig. 1) containing a heavier immiscible nonvolatile field liquid. A stable temperature gradient was imposed on the field liquid such that temperature was hotter at the top of the column than the bottom. As the droplets rose, they were progressively heated until they began to boil. The temperature of boiling was obtained by measuring the temperature in the field liquid at the level in the column at which vaporization was observed. Droplet surface temperatures were estimated to be within 1.5°K of the ambient temperature for rise velocities and field liquid temperature gradients typical of the present experiments.
The above method was combined with high-speed cine photography to record the boiling intensity of the droplets. Previous studies by Apfel and Harbison [12] and Mori and Komitori [13] concerned unsupported ethyl ether droplets boiling in glycerine under an effective pressure of . 101 MPa.
The bubble column consisted of a heavy walled glass tube 56.8-cm long with nominal dimension of 3.6-cm i.d. and 5.8-cm o.d. The tube was heated by a split aliminum tube clamped to the bubble column and held in place by two band heaters and connecting bolts. The tube was pressurized directly with filtered nitrogen gas. The droplet injection system was similar to that employed by Avedisian and Glassman [6] .
The droplets were photographed with a Hycam 16-mm high-speed rotating prism camera equipped with a 75-mm lens and extension tubes. The camera was mounted next to the level of the column at which the droplets were observed with the naked eye to boil. Direct back lighting was used with a GE DXB 500 W bulb, the intensity of which was regulated by a variac. Because the droplets were moving past the field of view of the camera at velocities typically between 20 mm/s and 60 mm/s, some luck was involved in synchronizing the camera start-up with the initiation of boiling. For this reason, maximum camera framing rates of about 1000 frame/s were used. (The framing rate was determined by an electronic timer which put marks on the film in .001 s intervals.) These rates gave us at least 4 s of filming time for a 100 ft. role of film. This was time enough to start the camera before the droplets entered the lens field of view and still have a high probability of photographing their vaporization. A number of successful shots of droplets undergoing what is believed to be homogeneous nucleation at various ambient pressures were obtained and are shown in Figs. 2 to 4.
Droplet vaporization rates were obtained by studying individual frames from the high-speed movies on a motion picture analyzer. Overall droplet diameters (Figs. 2 to 4) were used in our subsequent analysis to avoid possible ambiguities of discerning dimensions of the vapor bubbles within the test droplets due to the backlighting technique employed. Also, only measurements in the undistorted vertical direction were used (distortion due to the curvature of the glass tube).
Selection of Liquids.
The test and field liquids were chosen to satisfy the following requirements: (/) T sat2 (P 0 ) > T 0 , (ii) both liquids exhibit low mutual miscibility, (Hi) availability of physical property data, and (iv) a 2 > ffi +CT 12 . The first requirement ensures that the test droplet can be heated to its limit of superheat. The fourth requirement assures that the probability for homogeneous nucleation will be greater in the bulk of liquid 1 than at the liquid 1/liquid 2 interface or within the bulk of liquid 2 [14] .
In the present work, droplets of pure n-octane were heated in a field liquid of glycerine. The normal paraffin/glycerine combination satisfies the above requirements and has been found by others [6, 7, 15, 16] to yield reproducible measurements of the limits of superheat of the n-alkanes over a wide range of pressures. The n-octane was obtained from Humphrey Chemical Co. with a stated purity of 99 percent. The glycerine was Eastman "spectrograde." The liquids were used directly as received except for normal filtering. At atmospheric pressure the n-octane droplets boiled with a "popping" sound. The droplets appeared to vaporize in an instant with the naked eye. There was little ambiguity about the vertical position in the column at which boiling was observed. As pressure was increased, the audible sound accompanying boiling completely disappeared. For instance, at around .6 MPa the only way to detect boiling was by observing a sudden increase in velocity of the rising droplets.
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Figure 2 shows a series of photographs of an octane droplet boiling in glycerine under a pressure of .101 MPa. The photographs were taken from a typical sequence of motion picture frames. A framing rate of 1033 frames was used. The droplet temperature in the first frame was approximately 514 OK. Boiling was so intense that complete vaporization occurred in less than 2 ms at a time between the first and third frames in Fig. 2 . The stages of growth between these twO frames could thus not be recorded by our method because the process was too fast.
The vapor cloud illustrated in frame 3 of Fig. 2 underwent an oscillatory motion, followed by disintegration into a cloud of bubbles (45th frame). The mechanism for this break-up is
Transactions of the ASME The unstable interface for this effect (liquid over vapor) effectively exists over the upper hemisphere of the bubble; it is here where the deformation of the bubble surface appears most pronounced, as shown in the frames subsequent to frame 6. The origin of the darkened region or "ring" in the second frame of Fig. 2 is unknown at present. It could have been the remnants of a pressure or shock wave emanating from the droplet surface just prior to the droplet bursting into vapor, but this is just conjecture. The ring was not observed in all the movies which were taken at atmospheric pressure. At pressures above atmospheric, the ring was never observed.
Quite different results were observed at ambient pressures of .687 MPa and 1.22 MPa, as shown in Figs. 3 and 4 . The time for complete vaporization, boiling intensity, and size of the final vapor bubble were observed to be strongly affected by changes in ambient pressure. In particular, explosive boiling such as occurred at atmospheric pressure (Fig. 2) was entirely absent at elevated pressures. In addition it took over four times longer for complete vaporization to occur at 1.22 MPa than at .687 MPa. At these pressures, boiling was characterized by growth of apparently only one bubble within the octane droplet (as suggested by Figs. 2 to 4 ). This single bubble continued to grow until all the liquid octane completely vaporized, after which the bubble size remained constant. Figure 5 schematically illustrates the initial and final states which are believed to characterize a phase transition via homogeneous nucleation of a liquid droplet in an infinite medium at temperature T 0 . (T 0 (P 0 ) is less than the thermodynamic limit of superheat, T,(P 0 ), defined by the spinodal curve for a pure liquid (dP/dV\ Ti " =0).) During vaporization the vapor temperature drops from T 0 to close to T' satiCPo) (2-3), after which the vapor becomes superheated as thermal equilibrium is regained (3-4) . From mass conservation Fig. 2 ) the vapor bubble has grown past the size at which excess pressure between vapor and ambient liquid is zero. The subsequent oscillatory motion of the liquid/vapor interface was followed by fragmentation of the bubble. Such explosive vaporization as that illustrated in Fig. 2 did not, therefore, yield a single final bubble. Figure 7 illustrates the two-phase droplet configuration typically observed at elevated pressures. It consisted of a single vapor bubble beneath which was suspended a puddle of the vaporizing liquid. Such two-phase droplets have been observed by others [e.g., [18] [19] [20] . In our present application, the initial bubbles were believed to form by homogeneous nucleation (section 3.2) and not as a result of any pre-existing gas bubbles or dissolved gases in the liquid. Although this two-phase droplet configuration was not observed in the explosive boiling sequence illustrated in Fig. 2 , the camera framing rate was too slow to observe the stages of bubble growth in the time between the first three frames.
3 Physical Model 3.1 Introduction. Two steps in the boiling process pertinent to our study are (/' ) an initial or homogeneous nucleation phase during which the aforementioned critical size nuclei form within the liquid, and (») a second or bubble growth stage in which the initial microscopic bubble grows as the superheated liquid vaporizes. The first step is absent in most practical boiling situations due to the presence of preexisting nucleation aids (e.g., dissolved gases, particles, or air bubbles). In the present study, these effects are minimal. fluctuations within the liquid. The stochastic nature of the process procludes a precise description of the steps involved in nucleus formation. Only an approximate rate at which the initial vapor bubbles form within a given volume of liquid can be determined. This rate is proportional to the exponential of the energy required to form a critical size nucleus:
Homogeneous Nucleation of Bubbles in
( A/4* \ ~lCT~) (2) The energy of the critical size nucleus, AA *, is
It is more convenient for our purposes to write equation (2) in terms of temperature: Equation (4) defines the homogeneous nucleation temperature corresponding to the rate /. In equation (4) 
The equilibrium vapor pressure, P e , was evaluated from a correlation given by Gomez-Nieto and Thodos [22] . The molecular evaporation rate, kj, was estimated by the ideal gas collision frequency, EPo
Finally surface tension was estimated from the generalized relation a=ao ( l -^t)' (8) where for octane, a 0~ 55.72, ix-1.3 [7] , and T c = 568.8.
The physical properties appearing in equations (3) (4) (5) (6) (7) (8) were estimated by assuming a smooth continuation of the properties at saturation into the region of metastable states. This has been shown to be a reasonably accurate procedure [23] .
T in equation (2) is the probability of a nucleus of critical size growing by the evaporation of a single molecule. For simplicity, T = 1 was used in this work-every critical size nucleus grows and none decay [14] .
An estimate of / commensurate with experiment is required to solve for temperature in equation (4) . Experimental conditions were similar to those reported by Avedisian and Glassman [6] . They estimated a nucleation rate of 10 5 nuclei/cm 3 s. Figure 8 therefore illustrates predicted limits of superheat corresponding to / = 10 5 . The data shown in the figure represent an average of the vaporization temperatures of approximately ten droplets at the corresponding pressure. The experimentally measured superheat temperatures are in quite good agreement with estimated limits of superheat. This agreement was not unexpected as others have also found similar results for other liquids in bubble column experiments performed at pressures above atmospheric [6, [23] [24] [25] [26] . This result substantiates the belief that the type of boiling illustrated in Figs. 2 to 4 was initiated by a homogeneous nucleation mechanism, and not the result of nucleation from Transactions of the ASME air bubbles, particles, etc. It also shows that the mere attainment of the limit of superheat is insufficient to ensure a violent boiling process (i.e., a vapor explosion).
Physical Model for Bubble Growth.
A simple model for vaporization of a two-phase droplet was developed in connection with the following assumptions: (i) droplet expansion is spherically symmetric, (if) T 0 , P 0 , and properties are constant, (Hi) the field liquid is nonvolatile and only supplies heat to the droplet, (iv) heat transfer occurs by transient conduction across a thin thermal boundary layer surrounding the vapor bubble, (v) the interior of the droplet is at a uniform pressure, and (vi) internal liquid motion in the droplet (e.g., acceleration of the liquid at the liquid 1/vapor 1 interface) is neglected. The entire droplet thus uniformly expands as the vapor bubble grows. While not strictly valid, this latter assumption will be useful for estimating the time domain for the various processes controlling vaporization of the two-phase droplets.
To further simplify the development, we modeled the geometry of the two-phase droplet depicted at high pressures in Figs. 3, 4 , 7, and 9(a) by the representation shown in Fig.  9(b) . The liquid 1/vapor 1 interface is assumed to be planar. This facilitates a description of the appropriate volume and surface areas required in the analysis.
The model was also used to obtain information on atmospheric pressure vaporization, even though no proof of the assumed droplet geometry at this pressure could be given. This was because significant period for bubble growth at atmospheric pressure was inaccessible by our experimental method. However, the present approach can still be used to obtain an order of magnitude of the time domain over which the various mechanisms controlling bubble growth occurs.
The extended Rayleigh equation [27] relates the vapor pressure within the bubble cap to the temporal variation in radius. In nondimensional form, this equation is = P"-P n (9) 'PB(CI«/I)
!
The viscous term in equation (9) is very small in the present application and was neglected. The surface tension term is initially small, and becomes of increasing importance as growth proceeds. The final vapor bubble (equation (1)) is in static mechanical equilibrium and Laplaces equation applies. Although P v ^ P 0 due to the finite size of the final vapor bubble, this small final excess pressure is unimportant in the present analysis and was neglected.
The heat-transfer model used to relate T v to y is illustrated in Fig. 9(b) . Thermal boundary layers exist around the vapor cap in both liquid 2 and at the liquid 1 /vapor 1 interface. A thin microlayer of liquid 1 is assumed to be present on the inside surface of the cap. Its existence is justified in terms of the tendency of liquid 1 to spread on liquid 2. Changes in the microlayer volume relative to corresponding changes in the puddle volume were neglected due to the presumed thinness of the microlayer.
An energy balance on the bubble cap yields
For simplicity we treated the phase boundaries as semi-infinite media undergoing transient conduction. Hence. transfer to spherically symmetric expanding vapor bubbles which exist at surfaces and in infinite media (e.g., [28] [29] [30] [31] ). Equation (11) has also been used in approximating the heat flux to vaporizing bubbles in situations involving heat transfer over part of the surface of the bubbles [29] [30] [31] [32] [33] [34] . In these studies the effects of the thermal boundary layer, radial liquid motion in the field liquid, and sphericity were accounted for by appropriately adjusting the value of C,. (These studies do not strictly apply to the present problem because of the finite volume of the vaporizing liquid.) C, is thus more in the vein of an experimentally adjustable parameter, although C, = TT gave qualitative agreement with experiment as discussed below.
From geometry we can write that
A cap =2TrRU2-F)y> (13)
whereF=h/R. The total droplet mass (liquid + vapor) at any instant during boiling is equal to the mass of the initial liquid droplet. Hence, we have that The problem as formulated does not explicitly require vapor phase dimensions (R-h) due to equation (16) , and thus is at least qualitatively amenable to verification. Equations (9), (10), (16) , and (17), together with the initial condition v(0) = l,^(0) = 0 (18) (i.e., the critical size nucleus is small compared with R 0 ) are a set of four equations for the unknownsy, T V ,P U , andF. They were solved numerically over a range of pressures, P 0 . Properties were evaluated at 1/2 (T 0 + T u ). T 0 was estimated by solving equation (4) at each pressure using a nucleation rate of 10 5 . Figure 10 shows the variation of excess pressure within the vapor bubble, P v -P 0 , with time corresponding to three different ambient pressures. The initial pressure differences approximately correspond to the limit of superheat of octane. As P 0 increases, AP-0 earlier in the growth of the bubble. Thus, the driving force for a vapor explosion is diminished earlier as P 0 increases. Growth then becomes controlled by the supply rate of heat to the vapor cap. Since experimentally accessible times are greater than 1 ms, growth is most likely controlled by heat transfer at .687 MPa and 1.22 MPa for the vaporization typical of that illustrated in Figs. 3 and 4 . Equation (17) can then be directly integrated to give the variation of y with r as T v is constant. Equation (9) is therefore not needed in the analysis since P U~P0 for the conditions of our high-pressure experiments. Note, too, that vaporization at these two pressures is not explosive.
At .101 MPa a pressure difference, AP, exists almost into the experimentally accessible time domain. Vaporization is correspondingly explosive (Fig. 2) . While this observation does not conclusively show that inertially controlled growth is capable of producing a vapor explosion, neither does it disprove this contention. Further experimental work is required to elucidate the vaporization process in the time scales which were inaccessible by our method.
A comparison between experimentally measured and predicted droplet radii is shown in Figs. 11 and 12 . Similar data could not be obtained for atmospheric pressure boiling by our experimental method. Considering our various approximations and experimental accuracy, there is qualitative agreement between calculated and measured radii. Also, measured radii exhibit evidence of approaching a maximum value given by equation (1) . (R Q is slightly larger due to subsequent superheating of the vapor after the liquid completely vaporizes. This further increase is comparatively small and was neglected.)
Conclusions
The boiling of droplets heated to their limits of superheat revealed that ambient pressure strongly affects the bubble growth rate. At .101 MPa droplets of n-octane under 1 mm dia exploded into vapor with an audible "popping" sound when they were heated to within 2°K of the theoretical homogeneous nucleation temperature; the boiling process occurred in less than 2 ms. At pressures above .6 MPa, the intensity of vaporization was considerably reduced, with droplets of the same size requiring over 30 ms to completely vaporize.
Homogeneous nucleation theory was used to provide the initial conditions for a simplified model of droplet boiling which was based on vaporization of a two-phase, liquid-vapor droplet. Predicted droplet radii were shown to be in qualitative agreement with measured radii. The results suggest that vapor explosions are not likely to occur when bubble growth is controlled by heat transfer to the vaporizing liquid. The results also show that while a necessary condition for a vapor explosion is that the liquid be heated to its spontaneous nucleation temperature, sufficient conditions must include consideration of the dynamics of the subsequent growth of the initially formed critical size nuclei.
